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Abstract 

Topoisomerases are ubiquitous enzymes in the human body, particularly involved in cancer 

development and progression. Topoisomerase I (topoI) performs DNA relaxation reactions by 

“controlled rotation” rather than by “strand passage”. The inhibition of topoI has become a useful 

strategy to control cancer cell proliferation. Nowadays, different compounds underwent clinical 

trials, but the search for new molecular entities is necessary and benefits from medicinal chemistry 

efforts. Pyrrole-based compounds emerged as promising anti-proliferative agents, with particular 

interest in breast cancer therapy and topoI inhibition. Starting from these observations and based on 

the scaffold-hopping approach, we developed a small library of 1-(2-aminophenyl)pyrrole-based 

amides (7a-f) as new anti-cancer agents. Tested on a panel of cancer cell lines, 7a-f displayed the 

most interesting profile in MDA-MB-231 cells, where the most active compounds, 7d-f, were able to 

induce death by apoptosis. Direct enzymatic assays and docking simulations on the topoI active site 

(PDB: 1A35) revealed the inhibitory activity and potential binding site for the newly developed 1-(2-

aminophenyl)pyrrole-based amides. 
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1 INTRODUCTION 

The International Agency for Research on Cancer estimated that by 2030 cancer deaths worldwide will surpass 13 million per year 

due to the growth and ageing of the population. Chemotherapeutics play a key role in this context, but the validation of new targets 

and the development of more potent drugs is necessary[1]. DNA topoisomerases, known as the ‘cellular magicians’[2] are ubiquitous 

enzymes that regulate nucleic acid strands’ topology, especially DNA, and all the genome functions. In particular, their functions 

consist of the relaxation of DNA by freeing the torsional strain, due to supercoiling, and change in DNA topology by breaking and re-

joining double-stranded DNA, by a nucleophile attacking at the phosphodiester backbone. DNA topoisomerases are classified into 

type I and II based on their structures and catalytic activity. Type I topoisomerases (topoI) cut one of the strands of double-stranded 

DNA, and are classified in three subtypes: IA, IB, and IC, which are present in different organisms. TopoIB, expressed in eukaryotic 

cells, cleaves a single DNA strand through its Tyr723 residue and generates a phosphotyrosine linkage to the DNA. Consequentially, 

the fragmented DNA strand is able to rotate around the unbroken strand and eliminate DNA supercoiling. In fact, topoIB performs 

DNA relaxation reactions by “controlled rotation” rather than by “strand passage”.[3] TopoIB is often over-expressed in several tumor 

cells. The inhibition of topoIB has become a useful strategy to control cancer cell proliferation and interference with the function of 

topoIB by small molecules in different types of cancers, in combination therapy or not, is an important area of research. Generally, 

topoI inhibitors include poisons, as camptothecin and derivatives that covalently trap topoI on DNA (cleavage complex formation), or 

catalytic ones, which prevent DNA cleavage, as carbazole or phenanthridine derivatives.[4–7] Numerous are topoI poisons under 

clinical trials.[8] Few topo-modulators have been already marketed, such as topotecan and irinotecan, analogues of alkaloid 

camptothecin 1 (Figure 1), that despite widely used, suffer severe drawbacks (bone marrow suppression, hair loss, breathlessness, 

high fever, and vomiting, drug-related leukemia and drug-resistance) [9,10]. 1 is a natural alkaloid isolated from extracts of 

Camptotheca acuminata, selective topoI poison and displayed robust antineoplastic action against colorectal, breast, lung and 

ovarian cancers[11]. In the structure of 1 there are several fused heterocycles, one of them containing a lactone function, which seems 

to be relevant for the inhibitory activity, and nitrogen-based rings such as quinolines, which showed an interesting inhibition profile 

versus topoI enzymes. Nitrogen heterocycles, opportunely decorated, displayed a wide panel of biological activities[12–14], including 

anticancer efficacy [15,16]. Pyrrole-based small molecules such as obatoclax 2, sunitinib 3, and ulixertinib 4 (Figure 1) showed 

promising anticancer effects.[17] This scaffold has also been encountered in known topoisomerase inhibitors [18] and is sometimes 

decorated by an amide group [19]. Among the privileged scaffolds[20–22], also indole and quinoline have been used in the past for the 

development of topoisomerase inhibitors. The natural alkaloid ellipticine 5 and the synthetic quinoline compound 6 (Figure 1) showed 

good inhibitory properties against topoIB[7,23,24], fostering the development of new interesting topoIB inhibitors, namely 

pyrroloquinolines [11,25]. The pharmacophore model, common to anti-topoisomerase agents, is constituted by a planar aromatic 

scaffold, that promotes the DNA intercalation, and a hydrogen bond donor side chain, that favors contact with the enzyme [25]. Based 

on our interest in developing breast cancer inhibitors[26], exemplified by 7-substituted 5H-pyrrole [1,2-a][3,1]benzoxazin-5-one 

derivatives[27], and [1,2-a]-pyrroloquinoxaline derivatives [28–30], and having topoIB as the biological target, our efforts were addressed 

to generate by a “scaffold hopping” approach new 1-(2-aminophenyl)pyrrole-based amides (Figure 1) [31]. We developed a small 

series of N-(1H-pyrrol-1-yl) phenyl amides 7a-f by merging phenylpyrrole structure with different heterocycles (indole, quinoline, 
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pyridine, pyrazine), embedded through an amide bond (Figure 1). In this context, a one-pot protocol was used (Scheme 1) involving 

acyl donor and 1-(2-aminophenyl)pyrrole as starting materials in Steglich conditions, avoiding extra-steps and employing cheap 

reagents under mild conditions. These compounds were designed with the aim to have only the essential pharmacophoric elements 

useful for topoIB inhibition. The synthesized compounds 7a-f were firstly evaluated for their ability to induce anti-cancer effects in 

different cell lines, including ER+ and triple-negative breast (MCF-7 and MDA-MB-231 respectively), neuroblastoma (SH-SY5Y) and 

melanoma (A2508) cancer cells, without affecting normal cell viability. The ability to interact with topoIB was evaluated by means of 

the in vitro relaxation assay. TUNEL assay was employed to confirm the apoptosis of the most interesting compounds in MDA-MB-

231 cells, while docking analyses on the active site of topoIB (PDB:1A35) were performed to investigate the binding mode of selected 

compounds.  
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Figure 1.  Reference topoI inhibitors and general structure of the novel compounds 7a-f 

 

2 RESULTS AND DISCUSSION 

2.1 Chemistry 

The synthesis of target compounds 7a-f was performed starting from commercially available low-cost reagents as described in 

Scheme 1. In particular, 2-amino phenylpyrrole 8 was reacted with different carboxylic acids 9a-f under Steglich conditions, in 

presence of EDCI/HOBt couple as activating agent in dry dichloromethane as solvent. 

 

SCHEME 1. Synthesis of compounds 7a-f. Reagents and conditions: a) EDCI, HOBt, dry DCM, from 0 to 25 °C, 72 h. 

2.2 Anti-cancer activity of 7a-f and SAR analysis 

The compounds 7a-f synthesized here are characterized by a general pattern, simplified in the 2-aminophenylpyrrole moiety, in which 

the aniline moiety has been variously decorated by using acyl donors able to form amide bonds. In this context, the “scaffold hopping” 

approach was used to obtain new topoIB inhibitors, characterized by the essential nitrogen moieties useful to obtain the best 

performing inhibitors. The biological evaluation of 7a-f has been performed via 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium 

(MTT) analysis in cancer and non-cancerous cells (Tables 1,2). The anti-cancer ability of all synthesized compounds was evaluated 

toward two breast cancer cell lines, namely the ER+ MCF-7 and triple-negative MDA-MB-231 cells, the melanoma A2058 and the 

human epithelial neuroblastoma SHSY-5Y cells. As reported in Table 1, all the compounds resulted more active against the breast 

cancer cells, mostly towards the highly aggressive and metastatic MDA-MB-231 cells. MCF-7 cell line was less sensitive than MDA-

MB-231 cells to all the tested compounds, indeed the best compounds able to decrease the viability of MCF-7 cells, 7a and 7b, 

possessed IC50 values of 1.21±0.1 and 0.79±0.2 µM, respectively. The other compounds showed higher IC50 values, ranging from 

2.14±0.9 to 4.36±0.8 µM. A lower anticancer activity was found against the neuroblastoma SHSY-5Y and melanoma A2058 cells, 

where 7f resulted the most active compound with IC50 values of 53.92±0.7 and 21.95±0.9 µM, respectively. Moreover, compounds 7d 

and 7e reduced, as well, the growth of the melanoma A2058 cells with IC50 values of 60.74±1.1 and 55.69±1.0 µM, respectively, 

while compound 7c was also active towards the neuroblastoma cells with an IC50 value of 73.29±1.0 µM. The other compounds 

showed IC50 values higher than 100 µM against both the melanoma and neuroblastoma cells. MDA-MB-231 cells resulted to be highly 

sensitive to these compounds. In fact, a good anti-cancer activity was recorded under the exposure of compounds 7a-c, showing IC50 

values very close each other, i.e. 0.59±0.1, 0.58±0.1 and 0.55±0.1 µM, respectively, suggesting that the presence of pyrazine or 
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pyridine moieties do not alter significantly the anti-cancer activity. On the other hand, compounds 7d-f, which are decorated with 

bulkier chemical groups at the amide function, resulted the most active, showing IC50 values of 0.27±0.1, 0.48±0.1 and 0.47±0.1µM 

against the MDA-MB-231 cells, respectively (Table 1). Moreover, all compounds were also tested against two normal cells, namely 

the human mammary epithelial MCF-10A cells and the mouse embryonic fibroblasts BALB/3T3, in order to investigate the selectivity 

of all the tested compounds on cancer cells (Table 2). All the compounds resulted non-cytotoxic against both the normal cells used in 

this assay, at least until the concentration of 100 µM and under the adopted experimental conditions. Compound 5 was used as 

reference molecule. As shown in Table 1, it has a better anti-cancer activity than our derivatives in all the cancer cells used except 

for the MDA-MB-231, where our derivatives resulted more active, and compound 7b in MCF-7 cells (Table 1).  

 

Table 1. Anti-cancer activity of the studied compounds expressed as IC50 values ± S.D. µM, against different cell lines. 

 

Chemical Structure 

Cell line  

MCF-7 MDA-MB-231 SH-SY5Y A2058 

7a 

 
 

1.21±1.0 0.59±0.1 >100 >100 

7b 

 
 

0.79±0.2 0.58±0.1 >100 >100 

7c 

 

 

2.14±0.9 0.55±0.1 73.29±1.0 >100 
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7d 

 

 

2.28±0.7 0.27±0.1 >100 60.74±1.1 

7e 

 
 

4.36±0.8 0.48±0.1 >100 55.69±1.0 

7f 

 

 

2.90±1.1 0.47±0.1 53.92±0.7 21.95±0.9 

5 
 

1.28±1.0 1.77±0.9 1.85±1.1 1.57±1.3 

 

However, 5 is characterized by a high toxicity on normal cells (IC50 values= 1.31±0.8 and 1.02±0.2 on MCF-10A and BALB/3T3 cells, 

respectively) when compared with all the developed compounds (Table 2). 

Table 2. Cytotoxicity evaluation of the studied compounds on normal cells, expressed as IC50 values ± S.D. µM. 

Cell line 

Compounds 

7a 7b 7c 7d 7e 7f 5 

BALB-3T3 >100 >100 >100 >100 >100 >100 1.31±0.8 

MCF-10A >100 >100 >100 >100 >100 >100 1.02±0.2 
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2.3 Relaxation of supercoiled DNA: Validation of compounds as human topoI inhibitors 

Numerous literature data reported the ability of some pyrrole carboxamide derivatives to interfere with DNA-dependent enzymes, for 

example topoisomerases [32]. Among these enzymes, topoI induces transient DNA single-strand breaks, thus regulating the level of 

the double helix supercoiling[33] and recent studies have identified this enzyme as an important therapeutic target in cancer therapy [34]. 

Compounds able to interfere with this enzyme are very useful in targeted therapies and may produce therapeutic benefits for many 

cancer types, including breast [35]. Starting from these considerations, we determined the capability of the most interesting 

compounds in terms of anti-cancer activity, 7d-f, to interfere with the human topoI activity, performing an in vitro relaxation assay. In 

particular, we incubated the substrate (supercoiled plasmid pHOT1) with the enzyme and the selected compounds or vehicle (see 

Material and methods for more details). Figure 2 depicts the obtained results, where is evident the ability of all the used compounds 

to inhibit the topo I activity, with some differences. Indeed, among the three tested compounds, 7e showed to be the best topoI 

inhibitor, as it was able to totally inhibit the activity of this enzyme at 10 µM (Figure 2, lane 6) but, more interestingly, as well at the 

concentration of 1 µM (Figure 2, lane 5). Certainly, the presence of a single band of DNA at the bottom of the agarose gel 

corresponds to the supercoiled DNA, indicating the lack of the topoI activity. A different behaviour was found when the enzyme was 

incubated in the presence of compound 7d. The latter was able to inhibit the topoI activity only partially and with a dose-dependent 

behaviour (1 and 10 µM). In fact, together with a slighter band of the supercoiled plasmid in the lower part of the gel, mult iple bands 

corresponding to the relaxed products of the DNA are also noticeable (Figure 2, lanes 3 and 4, 1 and 10 µM, respectively). Finally, 

compound 7f was found to be a less potent inhibitor, when compared to the other two compounds. Indeed, 7f did not inhibit the 

enzyme activity at the concentration of 1 µM, as indicated by the presence of multiple bands (relaxed DNA products, Figure 2, lane 

7), similar to those visible in the control reaction (Figure 2, lane 2). Raising the concentration to 10 µM, only a feeble inhibitory 

activity was detected, indicated by the presence of a slight band of supercoiled DNA in the lower part of the gel (Figure 2, lane 8). 

These outcomes suggest that the difference of a methylene unit between 7e and 7f (butanamide vs propanammide) strongly 

influenced the topo I inhibitory activity. To sum up, 7e totally inhibited the topo I activity already at the concentration of 1 µM whereas, 

compounds 7d and 7f are weaker inhibitors.  

 

  1        2        3         4        5         6        7         8        9 

 

Figure 2. Human topo I relaxation assay. topoI was incubated with the vehicle alone (CTRL) or with the tested compounds used at 
1 and 10 µM, using the supercoiled (SC) DNA pHOT1 as substrate. Lane 1, SC pHOT1; lane 2, CTRL (DMSO); lanes 3 and 4, 7d at 
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1 and 10 µM, respectively; lanes 5 and 6, 7e at 1 and 10 µM, respectively; lanes 7 and 8, 7f at 1 and 10 µM, respectively; lane 9, 
relaxed DNA marker. The figure is representative of three independent experiments. 

2.4 Molecular docking analysis on human topoIB 

Molecular docking was adopted to better understand the possible binding modes of the compounds described above  (Figure 1, 

Tables 1,2) with topoI (PDB: 1A35). We used a “blind-docking approach” for our simulations: this kind of procedure has been 

successfully used by our research group in several other studies [36,37]. With these simulations, we aimed at one side to identify the 

most promising candidate among the three most active compounds and, on the other side, to improve the atomic structure of the 

molecules to design and synthesize better lead compounds. We calculated the compound binding affinities to the topoI using the 

program Autodock (Autodock is a tool that calculates a binding affinity constant Ki based on the binding energy between the protein 

and its ligand, according to the expression Ki = exp (deltaG/ (R*T)). To rank the possible binding modes, we took into consideration 

the clusterization of the results from the simulations, as discussed in previous works[37–41]. Binding energies for the three compounds 

are reported in Table 3. 

Table 3. Binding energies and affinities of the different compounds to topoI 

Compound Binding Energy (Kcal/mol) Ki (µM) 

7d -8.97 0.26 

7e -7.65 2.46 

7f -7.73 2.14 
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Figure 3. The three-dimensional structure of the topoI bound to DNA (Panel A) and compounds 7d (panel B), 7e (panel C) and 7f 
(panel D). Proteins are schematically reported as ribbons. Ligands binding poses are described as colored sticks. 
 

 

Finally, the obtained best poses for each compound were visually examined to evaluate the quality of the protein-ligand interactions. 

The obtained simulations suggested that our compounds were able to dock the topoI forming hydrogen bonds and hydrophobic 

interactions. A possible binding site for the compounds lies in the proximity of the protein-DNA binding zone (Figure 3, panel A). 

Compound 7d binds topoI establishing hydrogen bonds with Arg349, Ser432 and Glu750 and hydrophobic interactions with the side 

chains of residues Glu348, Arg434, Trp441, and Ala 753. Furthermore, compound 7d participates in - stacking interactions with the 

indole moiety of Trp754 (Figure 3, panel B). In the same pose, compound 7f f (Figure 3, panel D). Compound 7e (Figure 3, panel 

C) lays on the opposite site with respect of Ser 432 and forms hydrogen bonds with Arg 349, Ser432 and Thr747 residues. The 

ligand is further stabilized by hydrophobic interactions with residues Ile335, Pro431, and Leu721. 

 

2.4 7d-f targeting topoI showed proapoptotic effect: TUNEL assay 

The inhibition of the topoI activity provokes the DNA damage and its failure to be repaired could triggers cancer cell death by 

apoptosis[42]. For these reasons, we investigated the capability of compounds 7d-f to induce apoptosis in MDA-MB-231 breast cancer 

cells by means of a specific in vitro test, the TUNEL assay. Our outcomes clearly showed that MDA-MB-231 cells treated with 7d-f, at 

their IC50 values for 24 hours, underwent massive apoptosis, as evidenced by a strong green nuclear fluorescence that indicates the 

formation of fragmented/damaged DNA (Figure 4, panels B, compounds 7d, 7e and 7f). Contrarily, in the control experiment 

conducted on MDA-MB-231 cells exposed only to the vehicle (DMSO), no green nuclear fluorescence was detected, indicating the 

lack of any DNA damage (Figure 4, panel B, CTRL). 
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CTRL 

A 

B 

C 

7d 7f 7e 

Figu
re 4. TUNEL assay. MDA-MB-231 cells were treated with compounds 7d-f at their IC50 values or with vehicle (CTRL) for 24 h. Then, 
cells were processed and imaged under an inverted fluorescence microscope (20x magnification). Panels A: DAPI (λex/λem = 350/460 
nm); Panels B: CFTM488A (λex/λem = 490/515 nm) Panels C: overlay channels. Fields represent three different experiments. 
 

3 CONCLUSION 

In this work, new topoI inhibitors based on pyrrole scaffold were developed. By using the scaffold-hopping approach, 1-(2-

aminophenyl)pyrrole-based amides 7a-f were synthesized and validated as anti-cancer agents in different cell lines. 7a-f showed 

interesting anti-cancer properties, especially in MDA-MB-231 triple-negative breast cancer cells. 7a-f did not show cytotoxic effects in 

normal BALB/3T3 and MCF-10A cells. In vitro topoI inhibition assays for selected compounds 7d-f showed interesting profiles at the 

concentration of 1 and 10 µM. Docking simulations on the topoI active site revealed that the potential binding mode for 7d,f is similar, 

while compound 7e lays on the opposite site of the groove. Considering that topoI inhibition mediates apoptosis induction, we 

performed a TUNEL assay in order to confirm the cell death mechanism for 7d-f in MDA-MB-231 cells.  

4 EXPERIMENTAL 

4.1 Chemistry 

4.1.1 General 

All the reagents were purchased from Merck (Darmstadt, Germany) or Alfa Aesar (Tewksbury, MA, USA) and were used as received. 

Melting points were obtained using a Gallenkamp (G) (Fiorano Modenese, Italy) melting point apparatus. The structures of final 

compounds were unambiguously assessed by 1H NMR (nuclear magnetic resonance) and 13CNMR. Spectra were recorded in the 

indicated solvent (Chloroform-CDCl3, Acetone-d6) at 25 °C on a Bruker 300 MHz spectrometer (Bruker, Milano, Italy) employing TMS 
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(tetramethyl silane) as internal standard. Chemical shifts are expressed in values (ppm) and coupling constants (J) in hertz (Hz). 

Reactions were monitored by TLC (thin layer chromatography) on silica gel plates Merck 60 F254 (Merck, Burlington, MA, USA). 

Final products were purified by a flash chromatography system with column chromatography, using Merck 60 silica gel, 230–400 

mesh. Elemental analyses were performed on Leco Trunspec CHNS Micro elemental system (St. Joseph, MI, USA). ESI-HRMS 

spectra were acquired by a linear ion-trap-Orbitrap hybrid mass spectrometer (LTQOrbitrap XL) (Thermo Fisher Scientific, Bremen, 

Germany) operating in positive electrospray ionization mode. Data were collected and analyzed using the Xcalibur 2.2 software 

provided by the manufacturer. The purity of the final compounds was evaluated by C, H, N analysis, and it was confirmed to be ≥ 

95%. 

 

4.1.2 General procedure for the synthesis of compounds 7a-f 

1-(2-Aminophenyl)pyrrole (1.82 mmol, 1.2 eq) and the corresponding carboxylic acid (1.6 mmol, 1.0 eq) were dissolved in dry DCM 

(5 mL) under N2 and cooled to 0 °C, then N-hydroxybenzotriazole (HOBt) (1.92 mmol, 1.2 eq) was added and the reaction was stirred 

for 15 min. After this time, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI) (1.92 mmol, 1.2 eq) was dissolved in dry DCM (3 

mL) and added dropwise to the mixture. The whole reaction mixture was stirred at room temperature until TLC showed the full 

conversion (72 h), and then it was concentrated under reduced pressure. The crude was dissolved in ethyl acetate and washed with 

5% NaHCO3 solution (x2), NH4Cl (x2) and brine. The organic phase was dried over Na2SO4, filtered and concentrated to dryness. 

The crude product was further purified by flash chromatography (SiO2) using petroleum ether/ethyl acetate as eluent in an 

appropriate ratio. 

 

N-[2-(1H-Pyrrol-1-yl)phenyl]pyrazine-2-carboxamide (7a)  

The product was purified by flash chromatography (petroleum ether/ethyl acetate 3:1). Yellow solid. Y = 37%. mp = 132-133 °C. HRMS ESI m/z 

[M+Na]+ calcd for [C15H12ON4Na]+ 287.0903, found 287.0902. Anal. Calcd for C15H12N4O: C, 68.17; H, 4.58; N, 21.20. Found: C, 68.21; H, 4.60; N, 

21.25. 1H NMR (300 MHz, Acetone-d6) δ 9.82 (s, 1H), 9.30 (s, 1H), 8.83 (s, 1H), 8.63-8.52 (m, 2H), 7.47 (t, J = 6.0 Hz, 1H), 7.37 (d, J = 6.2 Hz, 1H), 

7.29-7.23 (m, 1H), 6.97 (s, 2H), 6.35 (s, 2H). 13C NMR (75 MHz, CDCl3) δ 13C NMR (75 MHz, CDCl3) δ 161.0, 147.5, 144.5, 144.2, 142.6, 132.9, 131.3, 

128.7, 127.0, 124.8, 122.1, 121.1, 110.4. 

N-[2-(1H-Ppyrrol-1-yl)phenyl]nicotinamide(7b) 

The product was purified by flash chromatography (petroleum ether/ethyl acetate 3:1). Yellow oil. Y = 43%. HRMS ESI m/z [M+H]+ calcd for 

[C16H14ON3]+ 264.1131, found 264.1118. Anal. Calcd for C16H13N3O: C, 72.99; H, 4.98; N, 15.96. Found: C, 73.02; H, 4.98; N, 16.00. 1H NMR (300 

MHz, CDCl3) δ 8.74 (s, 1H), 8.53 (d, J = 8.2 Hz, 1H), 7.99 (s, 1H), 7.82 (s, 1H), 7.59 – 7.07 (m, 4H), 6.84 (s, 2H), 6.45 (s, 2H). 13C NMR (75 MHz, 

CDCl3) δ 163.0, 157.2, 133.7, 131.2, 129.1, 126.9, 126.8, 124.8, 122.2, 121.4, 121.3, 110.9, 110.8.  

N-[2-(1H-Pyrrol-1-yl)phenyl]picolinamide (7c) 

 

The product was purified by flash chromatography (petroleum ether/ethyl acetate 3:1). White solid. Y = 50%. mp = 117 °C. HRMS ESI m/z [M+H]+ 

calcd for [C16H14ON3]+ 264.1131, found 264.1127. Anal. Calcd for C16H13N3O: C, 72.99; H, 4.98; N, 15.96. Found: C, 73.04; H, 5.01; N, 15.97. 1H NMR 

(300 MHz, CDCl3) δ 8.67 (d, J = 8.2 Hz, 1H), 8.46 (d, J = 5.0 Hz, 1H), 8.23 (d, J = 8.2 Hz, 1H), 7.84 (ddd, J = 8.8 Hz, J = 7.1 Hz, J = 1.5 Hz, 1H), 7.46-
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7.36 (m, 2H), 7.33 (dd, J = 8.2 Hz, J = 1.4, Hz, 1H), 7.17 (ddd, J = 8.6 Hz, J = 7.5 Hz, J = 1.6 Hz, 1H), 6.88 (t, J = 2.2 Hz, 2H), 6.42 (t J = 2.1 Hz, 2H). 
13C NMR (75 MHz, CDCl3) δ 163.2, 149.8, 147.2, 138.3, 136.6, 133.5, 132.2, 129.4, 127.8, 123.1, 121.6, 121.2, 111.2, 109.1. 

N-[2-(1H-Pyrrol-1-yl)phenyl]quinoline-3-carboxamide (7d) 

The product was purified by crystallization with ethanol. White crystals. Y = 33%. mp = 157 ° C. HRMS ESI m/z [M+H]+ calcd for [C20H16ON3]+ 

314.1288, found 314.1293; m/z [M+Na]+ calcd for [C20H15ON3Na]+ 336.1107, found 336.1115. Anal. Calcd for C20H15N3O: C, 76.66; H, 4.83; N, 13.41. 

Found: C, 76.64; H, 4.88; N, 13.40. 1H NMR (300 MHz, Acetone-d6) δ 8.31 (d, J = 2.3 Hz, 1H), 8.18 (s, 1H), 7.79 – 7.74 (m, 1H), 7.19 (dd, J = 13.8 Hz, 

J = 8.3 Hz, 2H), 7.12 – 7.05 (m, 1H), 6.94 (ddd, J = 8.5 Hz, J = 6.9 Hz, J = 1.5 Hz, 1H), 6.75 (ddd, J = 8.1 Hz, J = 6.9 Hz, J = 1.2 Hz, 1H), 6.58 – 6.42 

(m, 3H), 6.10 (t, J = 2.1 Hz, 2H), 5.38 (t, J = 2.1 Hz, 2H). 13C NMR (75 MHz, Acetone-d6) δ 163.9, 149.3, 148.6, 135.6, 134.3, 132.8, 131.3, 129.1, 

129.0, 127.7, 127.4, 127.3, 126.7, 126.4, 126.0, 125.3, 121.9, 109.9. 

N-[2-(1H-Pyrrol-1-yl)phenyl]-4-(1H-indol-3-yl)butanamide (7e) 

The product was purified by flash chromatography (petroleum ether/ethyl acetate 2:1). Beige solid. Y = 55%.  mp = 142 ° C. HRMS ESI m/z [M+Na]+ 

calcd for [C22H21ON3Na]+ 366.1577, found 366.1578. Anal. Calcd for C22H21N3O: C, 76.94; H, 6.16; N, 12.24. Found: C, 76.98; H, 6.12; N, 12.24. 1H 

NMR (300 MHz, CDCl3) δ 8.42 (d, J = 8.2 Hz, 1H), 7.96 (s, 1H), 7.59 (d, J = 7.8 Hz, 1H), 7.47 – 7.32 (m, 2H), 7.31 – 7.05 (m, 4H), 7.00 (s, 1H), 6.97 – 

6.88 (m, 1H), 6.77 (t, J = 2.1 Hz, 2H), 6.38 (t, J = 2.1 Hz, 2H), 2.81 (t, J = 7.3 Hz, 2H), 2.29 (t, J = 7.4 Hz, 2H), 2.20 – 1.83 (m, 2H). 13C NMR (75 MHz, 

CDCl3) δ 174.5, 138.0, 129.1, 126.7, 123.8 (2C), 122.1 (4C), 121.8, 119.2, 118.6, 111.3, 110.2 (4C), 25.5, 24.1.  

N-[2-(1H-Pyrrol-1-yl)phenyl]-3-(1H-indol-3-yl)propenamide (7f) 

The product was purified by flash chromatography (petroleum ether/ethyl acetate 2:1). Beige solid. Y = 40%. mp = 155 ° C. HRMS ESI m/z [M+H]+ 

calcd for [C21H20ON3]+ 330.1601, found 330.1608;  m/z  [M+Na]+ calcd for [C21H19ON3Na]+ 352.1420, found 352.1423. Anal. Calcd for C21H19N3O: C, 

76.57; H, 5.81; N, 12.76. Found: C, 76.60; H, 5.84; N, 12.77. 1H NMR (300 MHz, CDCl3) δ 8.34 (d, J = 8.1 Hz, 1H), 8.09 (s, 1H), 7.53 (d, J = 7.7 Hz, 

1H), 7.33 (dd, J = 12.5, 4.8 Hz, 2H), 7.25 – 6.93 (m, 4H), 6.87 (d, J = 2.3 Hz, 1H), 6.81 (s, 1H), 6.50 (t, J = 2.1 Hz, 2H), 6.20 (t, J = 2.1 Hz, 2H), 3.08 (t, 

J = 7.3 Hz, 2H), 2.58 (t, J = 7.3 Hz, 2H). 13C NMR (75 MHz, CDCl3) δ 171.9, 128.7 (2C), 126.7 (2C), 124.0 (2C), 122.0 (3C), 121.4, 119.2, 118.9 (2C), 

111.1, 110.4, 37.1, 25.4, 24.3. 

4.2 Biological assays 

4.2.1 Cell Cultures 

The use cell lines (breast cancer cells MCF-7 and MDA-MB-231, melanoma cells A2058 and human mammary epithelial cells MCF-10A) were 

obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured as already indicated [43]. The human epithelial 

neuroblastoma cells SHSY-5Y and the mouse embryonic fibroblasts BALB/3T3 were also purchased from American Type Culture Collection (ATCC, 

Manassas, VA, USA) and cultured in DMEM high glucose supplemented with 100 U mL-1 penicillin/streptomycin and 10% fetal bovine serum (FBS) and 

bovine calf serum (BCS), respectively.  

4.2.2 MTT Assay 

MTT assays [Sigma Aldrich (St. Louis, MO, USA)] were used to determine the in vitro anticancer activities of all the studied compounds, following an 

already reported protocol[44]. The compounds were tested at different concentrations (0.01-0.1-1-10-25-50-100 μM) for 72 h and the IC50 values were 

calculated from the percent (%) of control using GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). 

4.2.3 Human topoI Relaxation Assay 
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The topoI relaxation assays were performed incubating supercoiled pHOT1, used as substrate, with the recombinant topoI (TopoGEN, Port Orange, FL, 

USA) and compounds, as indicated in the manufacturer’s protocol (TopoGEN, Port Orange, FL, USA), with some modifications [45]. Briefly, topo I 

relaxation assays were performed in a final volume of 20 μL, in which 0.25 μg of supercoiled pHOT1 was added to a solution containing the tested 

compounds. The mix was incubated for 15 min at 37 ◦C. Then, the reaction was initiated by addition of recombinant topoI (2 U), incubated at 37 ◦C for 

1 h and terminated by the addition of 5× stop buffer. The obtained solution was loaded onto a 1% agarose gel containing 1× TAE buffer without 

ethidium bromide (EB). At the end, 1× TAE buffer containing EB (0.5 μg/mL) was used to stain agarose gel for 30 min and after washing with distilled 

water for 15 min, it was visualized using a UV transilluminator. 

4.2.4 TUNEL assay 

TUNEL assay was performed to determine the cells’ apoptosis, following the manufacturer’s protocols (CF™488A TUNEL Assay Apoptosis Detection 

Kit, Biotium, Hayward, CA, USA), with few revisions as previously described[46]. DAPI (0.2 μg/mL, Sigma Aldrich, Milan, Italy) was used for nuclei 

staining and the fluorescence detection was performed using a fluorescence microscope (Leica DM 6000, 20x magnification). LAS-X software allowed 

to acquire and process all the images, which are representative of three separate experiments. 

4.3 Molecular docking  

The three-dimensional models of topoI was built using as a template the crystal structures of the topoI in covalent and noncovalent complexes with 

DNA (PDB code 1A35) as previously described [44]. The three-dimensional structures of the tested compounds were built and energy minimized using 

the program MarvinSketch [ChemAxon ltd, Budapest, Hu]. In order to evaluate the possible binding modes of the three compounds to the topoI and 

calculate their binding energies, we used the program suite Autodock v.4.2.2 [41]. Following the protocol adopted in several other experiences [37–40], we 

adopted a “blind docking” strategy for our simulations: the docking of the compounds to topoI have been done without any a priori knowledge of the 

binding site by the system. We performed all the simulations adopting the standard program default values. The protein and the ligands were prepared 

using the abstract data type graphical interface[14,47]. To reduce the computational time, we considered the ligands as fully flexible objects, while the 

protein target has been considered as fully rigid. A cluster analysis was performed based on root mean squares deviation (RMSD) values of each pose 

with respect to the starting geometry. The lowest energetic conformation of the most populated cluster was considered as the best candidate. In case 

two or more clusters were almost equipopulated and their energy distribution is spread, the corresponding were considered as bad ligands [48]. The 

docking poses resulting from our simulations were ranked in order of their binding energy values and clustered on the basis of a RMSD cut-off value of 

2.0 Å. From the structural analysis of the lowest energy solutions of each cluster, we could spot the putative protein binding site. Figure 3 has been 

drawn using the program Chimera [49]. 
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